The topic of electricity offers considerable challenge for the teacher hoping to provide students with an insight into scientific ways of thinking about circuits. The concepts used to make sense of electric circuits are abstract and students are expected to develop conceptual models of the relationship between non-observable qualities (current, p.d., resistance) in terms of other non-observables such as energy and electrons. Teachers introducing electrical ideas to lower secondary students need to find ways of enticing learners to engage with the topic at a theoretical as well as a phenomenological level. This article explores approaches taken by two trainee teachers working with lower secondary classes in England.
Introduction
This article considers teaching approaches to introducing ideas about electrical circuits in the secondary school, and considers their merits and potential limitations. It is important for teachers to constantly try to remember how discrete and familiar ideas, which sit neatly within our wellrehearsed mental frameworks, may seem obscure, arbitrary and indistinct when experienced at 'the learner's resolution'. The view taken here is that the role of the lower secondary teacher is to help students acquire conceptual resources suitable for later building the formal models expected by the end of the secondary phase (e.g. age 16 in the UK). We start by reviewing the complexity and abstract nature of electrical circuits, and then consider two case studies of new teachers attempting to help students make sense of circuits by developing useful mental models. Finally, we consider the strengths and limitations of such pedagogic approaches.
Complications of teaching about circuits
Introducing ideas about electrical circuits to lower secondary students (i.e. 11-14 year-olds) is a challenge to teachers. By the end of secondary education, we would want students to have developed mental models of what is going on in electrical circuits that enable them to demonstrate an understanding of key concepts (current, p.d., resistance etc). We would expect learners to appreciate the difference between series and parallel circuits, and to appreciate how making simple changes (adding more cells to a battery, changing the number of lamps in series, etc) would affect a circuit, and to offer explanations in terms of scientific principles.
Some of this learning can draw upon phenomena that students can experience through practical experience of working with circuitsthey can certainly make simple changes to the numbers and arrangements of lamps and cells and observe the effects. Yet, even here, the topic is fraught with difficulties. The types of simple qualitative findings we hope to derive from working with circuits are most likely to be obtained when the class use sets of identical lamps, and well-charged cells (with negligible internal resistance) which can be connected together with minimal resistance in the wires and contacts. Such ideal conditions are seldom found in school laboratories, even when students have the skills to connect circuits carefully.
Moving beyond simple qualitative observations (usually of lamp brightness), ammeters are introduced to indicate current values in circuits. To the teacher an ammeter is almost an 'invisible' component when looking at a circuit diagram (we know that in the ideal case it does not change the circuit characteristics), and we focus on the meaning (i.e. our interpretation) of the readings given at the bench.
Extensive experience of working in any concept area enables us to know how to generalize and simplify in ways that help us automatically 'see' the relevant features of a new example or problem (and ignore details that are not significant). For the 'expert', a lot of useful processing-filtering and interpreting-occurs at a subconscious level so that we can focus on what we 'intuitively' recognize as the essentials of the issue in hand. So the teacher, unlike many learners, will see past the colour of the insulation on connecting leads, and will not see the choice of a digital or analogue meter as being significant. In effect, the teacher has learnt to see past the apparatus, to 'see' the current reading, and automatically be aware of the likely rough level of precision associated with the reading. (For example, in simple circuit work with school apparatus, the teacher may equate readings of 1.95 A and 2.05 A as 'near enough 2 A', where the student may see them as implying different current flow.) However, if we try to put ourselves in the position of the learner, we can appreciate that 'simple' circuits may appear anything but. At 'the learners' resolution', current is not directly observable; the ammeter complicates (a) the circuit diagram, (b) setting up the circuit and (c) making sense of the jumble of components and wires; and readings are not interpreted in terms of any appreciation of the likely limits to precision.
With experience we learn to 'see' circuit diagrams as looking like real circuits (and vice versa), and we are able to 'chunk' parts of familiar circuit set-ups, so that we can easily recall and process them. However, for many learners without that experience, a quite simple circuit (which bears little obvious similarity to the circuit diagram) may easily reach or exceed the limits of working memory (Miller 1968) , leaving no capacity to think with, or about, the circuit.
The teacher's understanding of a circuit is tied to thinking about what is happening in terms of (unobservable) current in various parts of the circuit. This, in turn, is understood in terms of the emf provided by the battery or other power source. This is itself unobservable, but can be measured by an instrument that to the student looks just like an ammeter-but which has to be connected to a circuit differently, and which the teacher assures them measures something very different. This 'something' may sometimes be called voltage (although we do not call length 'metrage', or time 'secondage') or potential difference (p.d.)-a term students may come to understand much later in their physics education. This 'p.d.' is closely related to energy (another very abstract and difficult concept), but it is not quite the same, and is sometimes talked about as though a kind of forcealthough it is not really quite that either. Energy and force are both in any case concepts where students commonly hold alternative conceptions that do not match the meanings we use in physics classes (e.g. Watts 1983a (e.g. Watts , 1983b . The current in a circuit, or part of it, also depends upon the resistance of components-which is something we can only find indirectly by making measurements of p.d. and current across/at just the right places in a circuit.
To help us think about these various unobservables, which need to measured by instruments that may seem to interrupt (ammeters) or not actually be part of (voltmeters) the current path of interest, we usually introduce a hypothetical entity.
Current is the flow of charge (again something we cannot directly show students) and moves in the form of 'charge carriers'. At this level (cf Buddle et al 2002), we usually identify the charge carriers as electrons. These are subcomponents of yet another hypothetical entity-the atom. It is quite likely that the structure of the atom will be taught in chemistry classes, but probably some time after the electron has been introduced in physics. Indeed, when students are first introduced to the electron as a charge carrier, it is quite likely that any mention of atoms in science classes may have implied that they are indivisible and fundamental components of matter (Taber 2003) .
The difficulties of teaching abstract concepts that students are not yet ready to appreciate is well recognized in science education (Shayer and Adey 1981) . In view of these considerations outlined above, it is little surprise that although students often enjoy practical circuit work, they still find the concepts that physicists apply to electrical circuits difficult to master (Shipstone 1985, Cosgrove and Osborne 1995) .
Constructing models of electricity
It is now generally accepted that learning is a constructive process, in the sense that facilitating meaningful learning (Ausubel 2000) implies finding ways to 'anchor' new ideas on the 'bedrock' of existing knowledge and experience. This means that it is not sensible for teachers to expect students to immediately acquire subtle, nuanced and abstract notions that match scientific knowledge.
Rather, the curriculum models that are presented as 'target knowledge' for different levels/stages of school physics need to be simplifications of the scientific models used by professional physicists. Ideally, we aim for the 'optimum level of simplification' (Taber 2000), where we simplify enough for students to be able to understand and learn the target knowledge, but where the curriculum models themselves are authentic enough to support progression towards more sophisticated learning later.
Good pedagogy means challenging students' thinking, but working at a level where the challenge is an achievable one. Developing such pedagogy requires a good understanding of the science behind the curriculum models, as well as an appreciation of the findings of research into teaching and learning (e.g. IoP 2006). Classroom experience is invaluable in helping teachers develop their understanding of how subject matter and knowledge of students can inform effective teaching. However, even beginning teachers can demonstrate informed approaches to teaching physics by drawing upon the considerations outlined above: that is, by thinking carefully about the nature of the target knowledge, and the extent to which this may be problematic for many learners.
This perspective is explored here, through two case studies of graduate trainee teachers teaching the electricity topic to lower secondary classes whilst on professional school placements. Trainee teachers are expected to be explicit about their rationales in planning their teaching, and to evaluate lessons formally. Tom and Teresa were also involved in a project that encouraged them to concentrate on teaching about the relationship between ideas and evidence in science (Taber 2004) .
The planning of both trainee teachers was informed by an awareness of common alternative conceptions reported by research; the need to use diagnostic assessment to identify 'the learning demand', the conceptual chasm between students' current thinking and the target knowledge (Leach and Scott 2002); and the role of language in learning. The need for teachers to take care in their language was highlighted for Tom when he discovered how one of his students believed that "you need a circuit for current to flow because currents can only go round and circuits are made round". It transpired that this was a notion based on work in the previous school: "I remember this from primary school because my teacher said you can never make a square circuit". (This may have been an effort to help students appreciate that the circuit on the bench does not need to have the rectangular form usually used in the formalism of schematic circuit diagrams.)
Space only allows us to give a flavour of the teaching approaches taken by these new teachers, but these two vignettes illustrate some of the key considerations that Tom and Teresa considered when planning their lessons.
Teaching electricity to year 7
Tom taught the electricity topic to a year 7 class (the first year of secondary education: 11-12 year-K S Taber et al olds) on teaching placement in a comprehensive school in a town in Hertfordshire (England). In planning and evaluating his teaching Tom focused on how a combination of practical work and the use of models and analogies could help students construct their own understanding of the concepts (for more details, see de Trafford 2004) . Tom focused on the principle that in learning about a concept in science, the students need to be able to move away from the relatively simple task of describing what has happened in an experiment, and to start to explain why this is happening. For students to achieve this they need a model that enables them to conceptualize what is happening. Without access to models it is often not possible to construct an explanation that is robust enough to answer the 'why' questions, and so allow the knowledge to be applied to make predictions in novel contexts.
Tom decided to use two analogies in his teaching. One was based on a river (current) that could branch (for parallel circuits) with arrangements of dams (resistors). The second analogy was based on an army assault course, with the soldiers (charge carriers) having to overcome the obstacles (resistors). In a later lesson, a demonstration of the effects of resistance was accompanied by the building-up of an expressed model of what it is about a wire that leads to it having resistance. During this lesson, the students were asked to specifically describe the way a circuit works in terms of the experience of a specific electron-which they gave a name to.
Teaching electricity to year 9
Teresa taught electricity to a year 9 class (13-14 year-olds) of mixed ability from a city comprehensive school (in the East of England). These students had previously been introduced to the electricity topic in earlier secondary classes. Teresa's pre-testing of the class revealed that learners had a good understanding of conductors and insulators, and the notion of a 'circuit', but that all the pupils had difficulty answering questions concerning current and voltage.
The range of attainment in a mixed ability class of 13-14 year-olds is quite significant, and in planning her lessons Teresa put particular emphasis on activities that would be cognitively demanding for the most capable, whilst making sure that all students would be able to respond at some level (see Quail 2004 for details). Tasks included asking students to describe the journey of an electron through a circuit; using a model answer to identify misconceptions in their own work; and to describe and explain the theory of circuits using models and analogies. For example, after practical work and teacher exposition, the use of an analogy of pupils running around different tracks on a training circuit was employed to consolidate the ideas of current, voltage and energy transfer. The discussion included consideration of hurdles and hills as analogues for resistance, in preparation for a subsequent lesson.
Learning outcomes?
If viewed in terms of absolute outcomesthe extent to which students acquired scientific understandings of circuits-then neither Tom nor Teresa would be judged as completely successful (de Trafford 2004 , Quail 2004 . However, this would be an inappropriate criterion, which few teachers would wish to be judged by. By carefully planning teaching based on such considerations as the complexities of the subject matter, the nature of students' existing ideas and well-established principles concerning how learning occurs, Tom and Teresa were able to help students make progress towards scientific understandings.
For example, asking students to identify misconceptions revealed by their stories of electrons moving around circuits (by comparing their own work to a model answer) proved to be a very demanding task, with students only able to recognize some of the flaws in their own work. Requiring the students to find their own misconceptions is not likely to be the best way of achieving accurate identification, but can be a better way of getting students to take notice of how their ideas do not match the teacher's model than comments on a teacher-marked script.
Purists may feel there are many dangers in using analogies and metaphors that are at best partial models for the scientific concepts. The students in Tom's class who decided what would happen in a circuit based on how the electron would "not bump into as much things" or by considering where "the electrons have to squeeze through the thin wire" were not yet thinking about resistance like a physicist. The student who made the comparison that "a battery is like a pump, like a heart in the body that pumps the electricity" had an understanding that was only appropriate in some respects.
One probably does not have to be a purist to have concerns about references to "electrons [that] only have to go through one bulb so they won't be as tired" or how a "resister [sic] makes them slow because on the way threw [sic] it keeps hitting the sides and the electron gets tired and slows down".
We may wonder what we are to make of the charge carriers that Teresa's students wrote about, such as Adina the electron who "had a race around the circuit" with her friends, who "all finished at the same time". We do not want students to think physics is explained in terms of the intentions of electrons!
Discussion
Tom knew that all analogies break down at some point (Taber 2001) and so teaching with analogies can be problematic (Styles 2003) . He reflected that it is essential for an analogy to be presented carefully, with the main links being specifically taught and the points where the analogy does not work being clearly pointed out. All teaching models are only partial and so are limited representations of the physical system. Tom systematically used two distinct analogies with his Y7 group, using continuous and discontinuous analogues for charge flow (water and soldiers). Teresa asked her Y9 students to analyse a series of models of a circuit based on more familiar scenarios: athletes on a running track; railway trucks taking coal between a mine and a power station before returning empty to complete the circuit; cars on a fairground rollercoaster ride; a bicycle chain; a water circuit with pump and waterwheel to be rotated; and a security officer on rounds collecting and delivering valuables. Each of these scenarios offered something suitable for comparison with an electrical circuit. None of these analogues offers a perfect representation, but considering such a range of comparisons (and the extent to which they offer a match) can help students develop their own mental models. Both of these new teachers offered these modelling exercises alongside hands-on experience of building and investigating circuits.
Teresa acknowledged that allowing pupils to write the account of a journey of an electron as if it were alive could reinforce or even create more misconceptions. Animistic and anthropomorphic thinking may seem to be antithetical to science teaching-offering students seductive alternatives to the scientific ways of understanding and explaining.
There are certainly dangers-in chemistry education it is common for teachers' explanations in terms of what atoms like, want and need to be adopted enthusiastically, and to be retained and reproduced in preference to more scientifically appropriate explanations (Taber 1998).
As with the other types of modelling considered here, stories about electrons racing around and getting tired can be useful in 'making the unfamiliar familiar' (which is surely at the core of what teaching is about), so that students can start to find ways to think about what is going on in electrical circuits. As long as teacher and student are clear that this 'weak anthropomorphism' (Taber and Watts 1996) is a way to start thinking about the science, and not an acceptable way of explaining what is going on in circuits ('strong anthropomorphism'), then such an approach can be a valuable part of the teacher's pedagogic toolkit. Teresa gave her students the opportunity to be imaginative, appealing to students who enjoy creative writing, and offering learners the chance to develop their own personal mental images of electron flow. She hoped that the sense of ownership would encourage personalized learning that could help scaffold their understanding during later study.
We feel that this is the key to teaching about electricity at lower secondary level. The nature of the subject matter makes it unrealistic for teachers to expect many learners to acquire sophisticated scientific understanding at this level. What is possible, through a careful combination of practical work and a range of modelling strategies, is to help learners become familiar with circuit phenomena, whilst starting to develop mental images that can be the foundations for progression in learning. Appropriate models will support developing understanding of what is happening in circuits in terms of charge and energy, and why. The achievement of such understanding in formal, abstract terms is only likely to come to fruition (at best) during upper secondary physics. At present, many students complete their education without reaching such a level of understanding. We suggest that the aim during lower secondary years is to ensure students have appropriate conceptual resources in place to support such learning. Acquiring these resources requires both experience of exploring circuits and support in finding ways to imagine and think about what is going on as the hypothetical entities in the wires respond to the unobservable abstract influences that physics teachers find so familiar. 
